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The new data release of OPERA - CNGS experiment, obtained with a shorter spill of protons [1],
confirms the tachyionic behavior expected from the phenomenological model of a Majorana neutrino
with a fictitious imaginary mass term acquired during the propagation in the Earth’s crust, recently
presented by us [2]. We performed numerical simulations of neutrino event detections to compare
the properties of these Majorana tachyons with the new OPERA results, finding a good agreement.
The possibility of spin-to orbital angular momentum conversion that is expected to give a negative
squared mass in a medium[3], is also briefly discussed.
PACS numbers: 13.15.+g, 13.20.Cz, 14.60.Pq
INTRODUCTION
The first set of data (OPERA-1), released on 23
September 2011 by OPERA team, suggested that the
muon neutrino could propagate at a speed v larger
than of light [4]. In OPERA experiment, the energetic
muonic neutrinos (νµ), mainly produced in the decay,
π(±) → µ(±) + νµ (ν¯µ), cross the Earth’s crust, a dense
and structured medium with variable density ρ in space,
2.7 ≤ ρ ≤ 3.3 g/cm3 to reach the Gran Sasso Labs after
735 km travel in 2.5 × 10−3 seconds. This first set of
data was made of 16111 events detected in OPERA and
the detected events correspond to about 1020 protons on
target collected during the 2009, 2010 and 2011 CNGS
runs.
This superluminal property of the muonic neutrino
seems to be confirmed by the new results released
on 18 November 2011, with (v − c)/c = (2.37 ±
0.32 (stat)+0.34−0.24 (sys)) × 10−5 [1]. From 21 October to 7
November (here and thereafter OPERA-2), CERN sent
a different-shaped neutrino beam to Gran Sasso Labs,
made with a much shorter spill of protons to determine
with a better precision the time of departure of the neu-
trinos and verify if the superluminal propagation found
in the previous results still occurs. During a CNGS cycle,
a new LHC-type bunched beam made with four bunches,
each about 3 ns (FWHM) long was produced. Each
bunch was made with ∼ 2.5 × 1011 protons and spaced
in time by 524 ns, which means ∼ 1.1× 1012 protons on
target for each extraction from the SPS, with the result
of decreasing the initial number of protons per cycle of
a factor 60. The new data show an anticipation with
respect to the light time of flight of 62.1 ± 3.7 ns, in
agreement with the value of 57.8± 7.8(stat)+8.3−5.9 (sys) ns,
obtained with the main new analysis. In the new data
analysis, the 5% of spurious data have been discarded
and the total statistics used for the analysis was 15223
events that includes 7235 internal, charged and neutral
current interactions and 7988 external charged current
events, a 70% subsample of the entire OPERA statistics.
For better insight see Ref. [1].
From simple calculations, one can verify that the rel-
ativistic effects due to the different positions of Earth
during its orbital motion in the gravitational field of the
Sun can be neglected. The effects, expected from the
relative velocities from perihelion to aphelion that give
a time delay of 2 × 10−9 seconds and other relativistic
effects that cumulatively give a difference of about 60 ns,
cannot be invoked in OPERA-2 run to explain the antic-
ipation. The Sagnac effect was taken in account too.
Moreover, some of the experimental conditions
changed, as both the spill shape and the experimental
conditions, namely the position of the Earth in its orbit
and the shorter time of acquisition of the dataset, are
slightly different. The only possible source of error that
could remain might be hidden in the time jitter due to
Gran Sasso electronics, which is supposed to be on the
order of a few tenth of nanoseconds, that, will be reduced
in the next run with a master block of 100 MHz sampling.
In any case also Montecarlo numerical simulations indi-
cated that no instrumental effects on the anticipation ∆t
can be caused by an energy dependent time response of
the detector [1].
As already discussed by us, this tachyonic behavior of
the neutrino seems to emerge only when these quanta
propagate inside a material and/or in a gravitational
field, where the concentration of sterile neutrinos is ex-
pected to increase with respect to deep space [2]. A sim-
ilar interpretation was given when invoking the depen-
dence of neutrino mass on the environmental tempera-
ture or energy density [5]. In fact, the more stringent
limit to their propagation at speed different than light,
with |v − c|/c < 2 × 10−9, with the ν¯e’s from the su-
pernova (SN) SN1987a [6] can be reconciled only if we
consider a superluminal propagation only inside the SN
progenitor, in a path 1012 − 1013 cm long of stellar mat-
2ter just starting its expansion [7, 8]. In the vacuum, the
electronic anti-neutrinos, instead, propagated at a speed
close to that of light lor the remaining 51.4 kiloparsecs.
Quantum-gravity (QG) effects and violations of Lorentz
invariance could be held responsible during the interac-
tions of energetic neutrinos [9] with space-time fluctu-
ations [10, 11] but recent results demonstrate that the
scales at which quantum gravity phenomenologies emerge
are much closer to the Planck scale than those related
with OPERA, if the limits estimated for photons apply
also to neutrinos [12, 13]. Other aspects, in relation with
some scenarios of large-extra-dimension literature have
been discussed phenomenologically and proved the con-
sistence of OPERA results with the neutrino data previ-
ously obtained at FERMILAB at different energies [14].
In this letter, we simulate, with our phenomenologi-
cal model, based on OPERA-1, MINOS, SN1987a data
[2], a set of events and compare them with the new
OPERA-2 dataset. With simple logic, one can infer ei-
ther that OPERA experiments are affected by a still hid-
den or underestimated error or that neutrinos actually
phenomenologically behave like tachyons when travers-
ing a dense material or a gravitational field.
TACHYONIC MAJORANA NEUTRINO
We now make the hypothesis that both the dataset are
free from systematic and interpretation errors, namely
that all the delays present in the neutrino production
and propagation have been taken in account, together
with the synchronization of OPERA and Gran Sasso with
GPS (see e.g. Ref. [15]). As claimed in Ref. [2], when
crossing a dense medium, neutrinos can behave as real
tachyons. Another possibility is a pseudo-tachyonic be-
havior, similarly to what is observed with photons in a
hyperbolic metamaterial [16, 17] but it seems to be for-
bidden by Cohen and Glashow decay model [18] (there-
after, CG). In this case, Standard model (SM) neutrinos
are expected not to experience any pseudo-superluminal
motion in OPERA experiment. Unavoidably, a disrup-
tion of the beam shape due to effects induced by weak-
current phenomena should occur, leaving traces of this
event in the energy spectrum of the detected neutrinos.
In fact, an energetic SM neutrino, traveling faster than
light in that medium, is should produce electron/anti-
electron pairs radiating away their energy. Evidence of
this radiation, emitted from e+ and e− pairs, was not
seen neither during Opera data acquisition [4] nor with
Icarus experiment [19]. An important criticism to these
anomalous decay processes is that they are forbidden
if Lorentz symmetry is instead “deformed’, preserving
the relativity of inertial frames by introducing nonlinear
terms to energy-momentum relations, as shown in Ref.
[20].
Our model is obtained by applying the tachyonic solu-
tion of Majorana infinite–spin component equation to the
phenomenological behavior of these neutrinos [21, 22].
The usual relativistic formulation of mass m, momentum
p and energy W of the particle is W =
√
c2p2 +m2c4.
The solutions to Dirac’s equation [23, 24] proposed
by Majorana, representing plane waves with positive-
defined mass, obey also another class of solutions gener-
ated by infinitesimal Lorentz transformations for which
W =
√
c2p2 −m2c4 and both the solutions give an en-
ergy/angular momentum spectrum that depends on the
spin s of the particle,W0 = mc
2/(s+1/2). Particles with
different intrinsic angular momenta then present differ-
ent masses, determined in the particle’s reference frame.
The tachyonic solution exist for all the positive values of
k for which p ≥ kc holds. Those states can be considered
as belonging to the class of solution with imaginary mass
term ik.
This particular phenomenological interpretation of the
experimental data is not forbidden by the CG radiation
condition.In fact, no radiation is expected from an actual
tachyonic behavior, because the standard dispersion rela-
tion, that includes the electron-positron pair production,
requires that E2
ν
− p2
ν
> (2me)
2, is not satisfied in the
presence of an imaginary mass. The modified dispersion
relation E2 = p2 + m2 + F of Ref. [2], where F is an
arbitrary function and p the conjugate momentum that
depend on space-time coordinates, either because of the
medium structure or from the structure of space-time it-
self, shows a dependence of the energy from p and F and
forbids the CG pair production for a neutrino imaginary
mass
√
m2 + F , when F is negative. This argumentation
finds a correspondence with the introduction of nonlinear
or addictional terms in the energy-momentum relation-
hip of Ref. [20], with a behavior that is not expected by a
SM neutrinos, but can be explained with a particular Ma-
jorana neutrino that follows the Majorana mass/spin re-
lationship of 1932 that givesm2 = −k2. Neutrinos, when
traversing layers of matter and/or interacting with sterile
neutrinos inside a gravitational field then become tachy-
onic Majorana neutrinos. Our phenomenological model
of a Majorana neutrino with imaginary mass formulated
to explain OPERA anomaly [2] shows a good agreement
also with the new results. The relative time anticipation
∆T/T0 and the imaginary mass terms, with uncertain-
ties, obtained with Huzita relationshipm2 = 2E2∆T/T0,
[25].
In the first dataset of OPERA-1, MINOS and
SN1987a, energy and momentum follow a linear distri-
bution, m = p1E + p2. The fitting parameters for this
set of data, together with their 95% confidence inter-
vals are p1 = 0.006727 (0.005509, 0.007945) and p2 =
0.006884 (0.005824, 0.007945) GeV. The latter is the
tachyonic mass term of the neutrino obtaned in the limit
p = kc2. The sum of squares due to error is SSE=0.6483
and the root mean square error is RMSE=0.4026 [2].
Now we simulate with our model a string of 1000 neu-
3trino events and compare the results with the new release
of OPERA data [1]. By applying Montecarlo simulations,
we calculate the time anticipation ∆T of the neutrino
signal w.r.t. to the light together with the Majorana
imaginary mass, following with the Huzita relationship.
The parameter T0 = 2.45 ms is the light time of flight
from CERN to Gran Sasso, m is the Majorana imaginary
mass term that is supposed to obey the linear distribu-
tion m = p1E + p2 as a function of the neutrino energy
E.
The values of the fitted parameters p1 (mean 0.006727
and std.dev = 0.000609) and p2 (mean 0.006884 and
std.dev = 0.000530) are generated according to a normal
distribution. The neutrino energies E were generated ac-
cording to the muon neutrino fluxes at Gran Sasso Labs
[26] and weighted for the neutrino cross section.
In the most conservative approach chosen by OPERA
team, the experiment cannot claim a clear energy depen-
dence of ∆t in the domain explored by OPERA within
the accuracy of the measurement performed in the first
and second run. To better discard the energy depen-
dence of neutrino anticipation with respect to the speed
of light in vacuum further and deeper experimental in-
vestigation are needed in a wider range and with a bet-
ter precision. If we consider, instead, the averaged val-
ues of the time anticipations as a function of energy,
we find that for the averaged energies 13.8 GeV and
40.7 GeV, one finds ∆t = (54.7± 18.4(stat)+7.3−6.9(sys)) ns
and ∆t = (68.1± 19.1(stat)+7.3−6.9(sys)).
FIG. 1. Histogram of the time anticipation ∆t with re-
spect to that of light of the Majorana tachyionic model. In
the inset are reported the new data released by OPERA-
2. The phenomenological model of the tachyonic Majorana
neutrino gives an averaged value ∆t = 61.95 ± 0.37 ns with
RMS=11, 73 ns that well fits with the value 62.1 ± 3.7 ns
and RMS=16.4 reported in the OPERA-2 data. The figure
reported in the inset is taken from Ref. [1].
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FIG. 2. Histogram of distribution of imaginary Majorana
masses of the neutrino from the Montecarlo simulations of
our model, peaked around 0.15 GeV.
Most of the simulated mesurements have time antici-
pations ∆T in the interval [40− 80] ns, while the exper-
imental result distribute in an interval [40− 90] ns, with
an averaged value of 61.95±0.37 ns with RMS=11, 73 ns,
showing an excellent agreement with OPERA-2 datasets,
that gives 62.1 ± 3.7 ns with RMS 16.4 ns, as shown in
Fig 1. This agreement between OPERA-2 data and our
simulations suggests that the possible source of error due
to the electronic jitter (∼ ±25 ns) may have less influence
on the experimental data that supposed in Ref. [1]. The
values of the correspondent imaginary Majorana masses
of our model are reported in Fig. 2. Only future mea-
surements will get rid of this residual unknown indeter-
mination.
Another possible cause of superluminality could hap-
pen when neutrinos particles interact with a structured-
matter medium or when traverse a gravitational field of
a rotating black hole [27]. In these cases, spin-to-orbital
angular momentum (OAM) conversion occurs. A par-
ticular medium can exhibit peculiar spatial structures
that breaks the space-time symmetry of the space-time
manifold structure given by the Lorentz group, in which
space is homogeneous and isotropic and time homoge-
neous [3, 28, 29]. In this case, the mass/angular mo-
mentum relationship is Mν = m/(Σ(ℓ, q) + 1/2), where
Σ(ℓ, q) is a general function of the spin s = 1/2, OAM ℓ
of the neutrino and with an additional dependence from
the characteristic spatial scale of the perturbation q. The
OAM-induced mass would act as a negative-squaredmass
term due to the inhomogeneities of the medium and thus
giving m2 = −k2(Σ(ℓ, q) + 1/2)2.
4CONCLUSIONS
The recent data released by OPERA experiment seem
to confirm the superluminal propagation of muonic neu-
trinos in the Earth’s crust with overall significanve of
6.2σ [1].
With the new data we validate the phenomenological
model of Ref. [2], based on Majorana theory to explain
OPERA anomaly. These neutrinos seem to behave like
Majorana particles with an imaginary mass induced in-
side Earth’s crust. As already said, a possible expla-
nation of this behavior can be due to a sterile neutrino
mixing confined inside a region where a gravitational field
is present or that the presence of matter/gravitational
field introduces a preferred reference frame violating CPT
symmetry [30] and/or Lorentz invariance. Another cause
could be the coupling of neutrinos with structured mat-
ter that can give rise to parametric resonances [31], spin-
to-orbital angular momentum conversion, MSW mixing,
sterile neutrino states, or due to temperature effects. The
lacking of detection and energy loss from CG effect can be
the indirect evidence of a Majorana tachyonic neutrino
state violating CPT invariance or a spin-to-orbital an-
gular momentum conversion of the neutrino beam, that
acts as a negative-squared mass term.
CPT invariance, intimately related with Lorentz in-
variance violation, is not preserved by Majorana theory
[32]. Some hints of CPT violations have been observed
with muonic neutrinos [33] and with electronic neutrinos
[34]. A new generation of experiment are currently being
proposed by several groups to study possible CPT violat-
ing effects [35, 36]. For a better insight see the Neutrino
Unbound webpage [37]. The immediate consequence to
the choice of this set of solutions, derived from the set of
infinitesimal Lorentz transformations, is that the spec-
trum of these particles exhibits a relationship between
the intrinsic spin angular momentum and the Majorana-
mass term, m, related to the particle’s rest mass or to
the acquired virtual mass, M = m/(s + 1/2), namely,
the particle positive-defined mass value decreases when
the spin angular momentum increases.
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